Abstract: A two-dimensional symmetric hybrid plasmonic waveguide that integrates two high-refractive-index dielectric slabs with a finite-width insulator-metal-insulator (IMI) structure is proposed, and the characteristics of its long-range propagation mode are numerically analyzed at 1550 nm wavelength. In contrast to the previously studied structures, the gap between the slabs and the metal stripe and the associated field enhancement effect result in the dramatically modified modal behavior. It is shown that, under optimized configurations, the transmission loss can be reduced significantly with little change in the mode confinement capability compared to similar dielectric-loaded surface plasmon polariton waveguides. Studies on the crosstalk between adjacent such hybrid waveguides reveal the ability to increase the integration density by ~60 times compared with the traditional IMI structures when used in 3D photonic circuits. The studied waveguide could be an interesting alternative to realize high density photonic circuits. 2354-2356 (2007). 15. P. Berini, "Air gaps in metal stripe waveguides supporting long-range surface plasmon polaritons," J. Appl.
Introduction
As a promising candidate to realize ultra-high-density photonic integration and interconnect beyond the diffraction limit, surface plasmon polariton (SPP) waveguides have been intensively studied, due to its potential to confine and guide light at the subwavelength scale [1, 2] . While various types of SPP waveguides have been proposed, the insulator-metalinsulator (IMI) [3, 4] , and metal-insulator-metal (MIM) waveguides [5, 6] are most widely investigated, and a number of functional devices, such as directional couplers [7] , and Bragg gratings [8] , had been experimentally demonstrated.
However, in contrast to the promise of achieving the large-scale, high-density integration, the SPP waveguide technology still faces significant challenges when compared with other alternatives, such as photonic crystal waveguides [9] , high-contrast dielectric waveguides [10] . The traditional IMI structure can support very low-loss propagation (as low as a few dB/cm) of the long-range SPP mode [4, 7] . However, the low-loss characteristic comes at the expense of poor mode confinement, and its mode size is comparable to that of the conventional dielectric waveguides. On the other hand, the mode in MIM structures is tightly bound in the dielectric slot between the metals and offers truly subwavelength field confinement [5] . Nevertheless, its propagation distance is significantly reduced [6] , which renders it less suitable for large-scale integrations. Confining the optical field to the metallic SPP structure and the associated Ohmic loss become a conflict hard to reconcile with [11] .
In order to simultaneously realize good propagation length and mode confinement, numerous novel SPP waveguides have been proposed recently. Dielectric-loaded SPP waveguides employing a stripe of high-index dielectric material directly on top of the metal surface are shown to have good lateral and vertical confinement as well as a moderate propagation length [12] , and a symmetric dielectric-loaded SPP waveguide with high-index layers placed on both sides of a metal stripe also shows improved performance [13] . A metal stripe buried in a high-index slab can have strong mode guiding capabilities with reduced mode sizes to that of the IMI structure [14] . In contrast, air gaps next to an IMI waveguide are found to be able to lower the loss but easily lead to mode cut-off as well [15] . Covering the metal strip with two thin layers of lower index material can be a better solution to reduce the loss, though the increase in the mode size is still significant [16, 17] . On the other hand, hybrid plasmonic waveguides consisting of a high-index-contrast dielectric waveguide placed very closed to a plasmonic structure have been also proposed [18, 19] . By optimizing the coupling between the dielectric waveguide mode and the SPP mode on a semi-infinite metaldielectric surface, low-loss, hybrid SPP modes can exist and be strongly confined within the slot between the metal surface and the core of the dielectric waveguide [18, 20] .
In this paper, the characteristics of a novel symmetric hybrid SPP waveguide based on a traditional long-range SPP waveguide with two high-index structures placed symmetrically near its top and bottom surfaces are investigated. This relatively simple structure, compatible with the photolithography fabrication process, shows the potential to enable subwavelength confinement in the low index gaps between the dielectric slabs and the metal stripe as well as maintaining the long-range propagation characteristics of the traditional IMI waveguides. In contrast to the previous hybrid waveguide [18] , the structure studied here possesses finite dimensions in the lateral and vertical directions of its cross section and thus could enable multilayer, 3-dimensional (3D) integrated photonic circuitry. The crosstalk between adjacent hybrid plasmonic waveguides is investigated through simulations as well, and their packing densities are shown to be significantly higher than the traditional IMI waveguides. The cross-section of the proposed symmetric hybrid SPP waveguide, as shown in Fig. 1 , consists of a thin metal stripe embedded in a low-index background, and two high-index dielectric slabs located in the substrate and cladding and placed symmetrically near the upper and bottom sides of the metal stripe, respectively. Here the two slabs are assumed to be identical with a rectangular shape of a height h d and a width W d . The rectangular shape is considered here for its simplicity and the relative ease to fabricate, while our studies indicate that the following results are also applicable to other kinds of slabs with similar shapes. The edge-to-edge distance between the high-index areas and the metal stripe is denoted as h g . The width and thickness of the metal stripe are denoted as W m and h m , respectively.
Geometry and modal properties of the proposed symmetric hybrid SPP waveguide
In our following simulations, the wavelength λ is set to be 1550 nm. The high-index dielectric material is assumed to be silicon, whose refractive index n d is taken as 3.478. The substrate and cladding are made of silica with n b = 1.444. The metal is gold with a refractive index n m of 0.55+11.5i [21] . In the following sections, without additional explanation, the width and height of the slabs are set at 200 nm and 100 nm [18] , respectively, and the gold stripe is 30 nm thick. These parameters are chosen based on the optimization procedures discussed in the following sections. The width of the gold stripe is set to 2 µm, to ensure that the long-range SPP mode studied for comparison still exists under these dimensions. The modal properties are investigated by means of the finite-element method (FEM) using COMSOL TM . The eigenmode solver is used with the scattering boundary condition. Convergence tests are done to ensure that the numerical boundaries and meshing do not interfere with the solutions.
Simulations show that when the dielectric slabs are small and close to the metal stripe, two hybrid bound surface modes can exist through the coupling of the dielectric waveguide mode and the SPP mode [18] . As shown in Fig. 2 , we denote the symmetric one as the longrange hybrid SPP mode and the anti-symmetric one as the short-range hybrid SPP mode. The two modes share similarities to the well-known long-range and short-range SPP modes, respectively. However, the existence of the nanometer-size gaps with high index contrast causes strong field enhancement in the gap region. Since the propagation loss of the shortrange hybrid SPP mode is nearly 2 orders of magnitude higher than that of the long-range hybrid SPP mode, in the following study, we only focus on the long-range hybrid SPP mode. To further illustrate the effect of the slab and gap on the mode distribution, the energy density distributions of the long-range hybrid SPP mode is compared with that of the modes of a long-range SPP and a symmetric dielectric-loaded SPP waveguide in Fig. 3 . The dimensions of the gold stripe in these waveguides are the same, and the sizes and material of dielectric stripes in the symmetric dielectric-loaded SPP waveguide are set to the same as those in the symmetric hybrid SPP waveguide. The results clearly show that, compared to the long-range SPP mode, the long-range hybrid SPP mode is strongly confined around where the slabs are located, and most of the field is concentrated within and near the low refractive index gap, due to the 'slot' effect in the gap [10, 15] . This is in significant difference to that of the symmetric dielectric-loaded SPP mode as well, where the energy is mostly distributed in the high-index dielectric stripes, despite the seemingly similar structures. The differences in the key characteristics of these modes are illustrated in Fig. 4 , which shows the mode effective index n eff and the propagation length L of long-range hybrid SPP mode when h g is varied from 2nm to 400nm. The propagation length is given by L = λ/[4π/Im(n eff )]. Similar to the structure discussed in [18] , the results indicate that h g has a remarkable effect on these modal characteristics. When the high-index slabs get closer to the gold stripe, the stronger mode coupling between the long-range SPP mode and the dielectric waveguide mode leads to an increase in n eff and a decrease in L [22] . While the characteristics of the long-range hybrid SPP mode approach those of the symmetric mode of symmetric dielectric-loaded SPP waveguide when the gap diminishes, with a non-zero gap size (between 2 nm and 100 nm), there is a dramatic decrease in n eff and increase in L, indicating a region where both strong field confinement and reduced modal losses can be realized.
A quantitative comparison of the mode confinement is given in Fig. 5 , where the normalized energy density distributions and the mode sizes of the above 3 cases are given. h g is set at 10 nm for the hybrid structure in Fig. 5(a) . The mode size is defined as the full width in the dielectric regions where the energy density decays to 1/e 2 of its peak value [20] . It is obvious that both the lateral and vertical mode sizes of our hybrid mode are more than 1 order of magnitude smaller than those of the long-range SPP mode. It is noted that, due to the nonmonotonic distribution of the energy density for the hybrid mode, its calculated mode size in the y direction can be smaller than that of the symmetric mode of symmetric dielectric-loaded SPP waveguide. The figure of merit (FOM) of the hybrid mode, defined as the ratio of L to the effective mode size [17, 23] , is found to be between 365 and 646, when the gap height varies from 2 to 100nm. The effective mode size is calculated by the method using the mode sizes in x and y directions [17] . For comparison, the FOM of the symmetric dielectric-loaded SPP mode is 236. The long-range SPP mode has a higher FOM, but it lacks the mode confinement capability of our hybrid mode. The dependence of the waveguide performance on the structure parameters is studied by varying the metal layer thickness and the slab width, respectively. When h g is fixed at 30nm and the gold thickness is varied from 10nm to 100 nm, it is observed that L increases quickly at the smaller thickness due to the reduced Ohmic loss. Within this range, n eff stays above 1.444 (not shown) even when the thickness is less than 20nm, where the traditional longrange SPP mode will become leaky. As seen in Fig. 6 (b) , when the slab width is changed from 100 nm to 1000 nm and h d is kept at 100nm, the mode size in x direction is shown to decrease first before it increases, which indicates the existence of an optimal width. This can be understood, since the lateral confinement is improved at increased W d when W d is relatively small due to the strengthening of the hybrid mode coupling. When the mode is highly confined in the gap, the increase in the slab width proportionally increases the mode size. The propagation length, on the other hand, shows a monotonic decrease at wider slab widths.
Crosstalk between adjacent symmetric hybrid SPP waveguides
Crosstalk between adjacent waveguides instead of the physical dimensions of the waveguide dictates the ultimate integration density of the planar photonic circuits [11, 24] . Due to its finite size and planar structure, our proposed hybrid waveguide is suitable for multilayer, 3D photonic circuitry. The crosstalks between two laterally or vertically parallel waveguides are Figure 7 shows the dependence of the normalized coupling length, i.e. L c /L, on the center-to-center (CTC) spacing of the waveguides. When L c /L is larger than 1, the crosstalk would be very small. We can see that both S x and S y can be as small as 2.8 µm for the symmetric hybrid SPP (h g =30nm). In contrast, calculation results show that the S x and S y have to be 22 µm for the traditional long-range SPP waveguides to reach L c /L = 1. Therefore, the proposed hybrid waveguides could potentially improve the overall packing density by nearly 60 times over the traditional IMI structures.
. 
Conclusions
In this paper, we have proposed and studied a symmetric hybrid plasmonic waveguide based on the coupling of two symmetrically placed dielectric slabs and an IMI waveguide. The modal behavior is changed fundamentally by the existence of the high-index-contrast gap between the metal stripe and dielectric slabs. By optimizing the sizes of high-index slabs and the gap, we can achieve both sub-wavelength field confinement and low-loss transmission by increasing the propagation length by several times from that of the symmetric dielectricloaded SPP waveguide. With an improved field confinement that is 1~2 orders of magnitude higher than that of the long-range SPP structure and a propagation length around hundreds of microns, our symmetric hybrid SPP structure could become an interesting candidate for multilayer sub-wavelength integrated photonic circuits.
